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Introduction {#sec001}
============

Strategies to ensure greater control of hospital-acquired infections are urgently needed. Microbe-contaminated dry surfaces in hospitals that are frequently touched by hands, termed 'high-touch' surfaces, such as handrails, doorknobs, lockers, and the table surfaces of inpatients, present a high risk in terms of the spread of nosocomial infections \[[@pone.0226952.ref001]--[@pone.0226952.ref003]\]. It is well recognized that improved hand hygiene and cleaning of surfaces are critically important in controlling hospital-acquired infections \[[@pone.0226952.ref004]--[@pone.0226952.ref006]\]. While improved cleaning practices have led to a decrease in the transmission of hospital-acquired infections \[[@pone.0226952.ref007]--[@pone.0226952.ref009]\], in general, hospital cleanliness is still not sufficient to control infections \[[@pone.0226952.ref010]--[@pone.0226952.ref012]\]. This is confirmed by the fact that outbreaks of hospital-acquired infections still occur worldwide \[[@pone.0226952.ref013]--[@pone.0226952.ref015]\]. It is therefore possible that there are other unknown factors responsible for bacterial survival, particularly on dry surfaces, in hospitals.

We previously monitored hospital cleanliness on the surfaces of 752 sites in nurse and patient areas in three hospitals located in the central area of Sapporo, Japan, and revealed the presence of a wide range of organic contamination, including microbial contamination, that could be spread via hand touching \[[@pone.0226952.ref016]--[@pone.0226952.ref018]\]. Considerable variability in bacterial detection was noted, even for the same surfaces, indicating that the ongoing cleanliness of dry surfaces in hospitals is insufficient \[[@pone.0226952.ref016]--[@pone.0226952.ref018]\]. Furthermore, accumulating evidence indicates that various human pathogenic bacteria (such as *Pseudomonas*, *Acinetobacter*, *Enterococcus*, *Staphylococcus*, and *Enterobacteriaceae*), including multidrug-resistant bacteria, can survive for prolonged periods on dry surfaces \[[@pone.0226952.ref019]--[@pone.0226952.ref025]\]. The reason for the variability in bacterial detection remains unclear, but changing physiological factors such as environmental temperature may affect bacterial survival. Whether thermal control can regulate bacterial survival in dry environments remains unknown.

In this study, we monitored the survival of human pathogenic bacteria \[*Escherichia coli* ATCC, extended-spectrum β-lactamase (ESBL)-producing *E*. *coli*, New Delhi metallo-β-lactamase (NDM)-producing *E*. *coli*, and *Staphylococcus aureus* ATCC\] on dry materials (vinyl chloride, aluminum, plastic, stainless steel) over a range of temperatures (room temperature to 37°C). We found that bacteria favor lower temperatures for survival in dry environments. Furthermore, we propose that fomites warmed to human body core temperature may help to control bacterial survival in dry environments, and that such a strategy may prohibit the emergence of human pathogenic bacteria in hospital environments, eventually reducing the need for antibiotics as well as disinfectants.

Materials and methods {#sec002}
=====================

Bacterial strains {#sec003}
-----------------

The bacterial strains used in this study were as follows: *E*. *coli* ATCC 25922, ESBL-producing *E*. *coli*, NDM-producing *E*. *coli* \[[@pone.0226952.ref026]\], and *S*. *aureus* ATCC 29213. All of the bacteria were maintained on LB agar plates (Nakalai Tesque Inc., Kyoto, Japan) with or without appropriate antibiotics at 37°C. Both the antimicrobial-resistant *E*. *coli* strains were isolated at Hokkaido University Hospital. The reference strains were purchased from the American Type Culture Collection (ATCC, Manassas, VA, USA). *E*. *coli* DH5α carrying GFP-expressing plasmid (pBBR122 encoding *gfp*) was also used for this study \[[@pone.0226952.ref027]\]. *E*. *coli* DH5α was maintained on LB agar with chloramphenicol (10 μg per ml) to maintain the plasmid. *Pseudomonas aeruginosa* ATCC29213 and *Enterococcus faecalis* ATCC29212 were also purchased from the ATCC. *Acinetobacter baumannii* and *Serattia marcescens* were isolated from Hokkaido University Hospital. *Bacillus subtilis* and the yeast-like fungus *Candida albicans* from our laboratory collection were also used for this study. All bacterial strains (except for *E*. *faecalis*) and the yeast-like fungus were maintained on LB agar and PDA agar, respectively. Because of requiring more nutrients, *E*. *faecalis* was maintained on BHI agar.

Assessment of bacterial dynamics on vinyl chloride {#sec004}
--------------------------------------------------

*S*. *aureus* ATCC 29213 and *E*. *coli* ATCC 25922 were separately adjusted in PBS at approximately 10^7^ CFU per ml, and were either mixed or maintained separately in LB broth. Then, 20 μl of each solution (5.0 × 10^5^ CFU/spot) was spotted onto vinyl chloride material (3 × 3 cm) that is used commercially for flooring and roofing (thanks to TOLI Corporation, Osaka, Japan and TAJIMA ROOFING, Tokyo, Japan). The bacterial solution was left to dry and then incubated at room temperature (\~20°C) or in an incubator (30°C and 37°C) for up to 11 days. In some experiments, the bacterial suspensions were dried onto the material with cardiolipin (1 or 100 μM). After incubation, the dried spots were wiped with cotton swabs, and suspended in PBS. The bacteria were enumerated by spreading onto Mannitol salt agar (for culturing of *S*. *aureus*) and MacConkey agar (for culturing of *E*. *coli*), and bacterial numbers were expressed as CFUs per spot. The spots of bacteria on the dry material were also visualized by SEM observations (see below). The amounts of ATP in each spot were monitored by a Clean-Trace Luminometer 3M (Saint Paul, MN, USA), and the values were expressed as bioluminescence relative light units (RLUs), according to a previously described protocol \[[@pone.0226952.ref017]\].

Assessment of bacterial dynamics on the other dry fomites (aluminum, plastic, stainless steel) {#sec005}
----------------------------------------------------------------------------------------------

The survival of *S*. *aureus* ATCC 29213 and *E*. *coli* ATCC 25922 was also tested on other materials (10 × 10 cm; aluminum, plastic, stainless steel) at a range of temperatures (15°C, 30°C, 37°C) for up to 11 days. Bacterial numbers were evaluated as stated above. Some experiments on plastic were adjusted to a constant humidity of 40%--60% by placing a 100-mL beaker filled with water into the incubator. However, unfortunately, we were unable to maintain a uniform humidity in this way. The humidity of the incubator without the beaker was less than 20%. Humidity was measured with a general hygrometer.

Dynamics of multidrug-resistant *E*. *coli* on dry fomite (vinyl chloride) {#sec006}
--------------------------------------------------------------------------

The dynamics of both ESBL- and NDM-producing *E*. *coli* strains with or without *S*. *aureus* ATCC 29213 on vinyl chloride material were also assessed. The bacteria were dried and then incubated at distinct temperatures (15°C, 30°C, 37°C) for up to 11 days. Bacterial numbers were evaluated as stated above.

Scanning electron microscopic (SEM) analysis {#sec007}
--------------------------------------------

According to a previously reported method \[[@pone.0226952.ref017]\], the vinyl chloride material (1 × 1 cm) spotted with bacteria was washed with saline, fixed with 2.5% (v/v) glutaraldehyde in phosphate-buffered saline (pH 7.4) for 2 h at room temperature, then treated with 2% (w/v) osmium tetroxide for 1 h at 4°C. The samples were then dehydrated in ethanol, freeze-dried, and coated with osmium using a plasma osmium coater, for analysis using a scanning electron microscope (Hitachi S-4800; Hitachi, Tokyo, Japan).

Bacterial dynamics on the heated handrail device {#sec008}
------------------------------------------------

A stainless steel handrail pipe (diameter, 13 mm; thickness, 2 mm) equipped with a heater wire in the center of pipe to control the dry surface at body core temperature was constructed using an acrylic-processing assembly kit from FabCloud (Tokyo, Japan). Bacterial dynamics on this surface were assessed as follows. In brief, the GFP-expressing *E*. *coli* DH5α were spotted at regular intervals (1 cm) onto the handrail device with or without the heater at approximately 10^6^ CFU per spot (10 μl per spot). The handrail device (with or without heat control) was then incubated at room temperature for one day. The dried spots were wiped with cotton swabs, and suspended into PBS. The number of bacteria was evaluated by the GFP signals after spotting onto LB or MacConkey agar plates containing chloramphenicol, and was expressed as CFUs per spot. In addition, the surface temperature on the handrail pipe was monitored using a hand-held infrared sensor (CT-2000D; Custom Co., Ltd., Tokyo, Japan) and a high-resolution infrared sensor (InfReC R300; NEC Avio Infrared Technologies Co., Ltd., Tokyo, Japan) installed with appropriate software (InfReC Analyzer NS9500; NEC Avio Infrared Technologies Co., Ltd.). We also assessed whether the heated handrail device could work for the illumination of the other bacteria (*S*. *aureus*, *P*. *aeruginosa*, *E*. *faecalis*, *A*. *baumannii*, *S*. *marcescens* and *B*. *subtilis*) and the yeast-like fungus (*C*. *albicans*). As mentioned above, the survival of bacteria (*P*. *aeruginosa*, *A*. *baumannii*, and *B*. *subtilis*) and the yeast-like fungus after drying on the device was monitored on LB agar and PDA agar, respectively. The survival of *S*. *aureus* and *S*. *marcescens* was also monitored on Mannitol salt agar and MacConkey agar, respectively. Meanwhile, because of requiring more nutrients, *E*. *faecalis* was monitored on BHI agar.

Statistical analysis {#sec009}
--------------------

Multiple comparisons of the data were assessed by Bonferroni/Dunn analysis. A *p* value of \<0.05 was considered statistically significant. All calculations were conducted using Excel for Mac (2011) with Statcel3C.

Results {#sec010}
=======

Representative human pathogenic bacteria favor lower temperatures for their survival under dry conditions {#sec011}
---------------------------------------------------------------------------------------------------------

To assess the survival of representative human pathogens under dry conditions, we monitored changes in bacterial numbers \[*E*. *coli* (ATCC 25922), *S*. *aureus* (ATCC 29213), or a mixture of these bacteria (because it is possible that they are found together on 'high-touch' surfaces)\] on vinyl chloride, a widely used material in everyday items, at distinct temperatures \[room temperature (around 20°C), 30°C, 37°C\] for 11 days. Bacterial numbers were assessed using the following indicators: the number of colony-forming units (CFUs), the amount of ATP, and morphological changes (as determined by SEM analysis) ([Fig 1A](#pone.0226952.g001){ref-type="fig"}). Immediately (within 20 min) after drying, the CFU numbers of *E*. *coli*, but not *S*. *aureus*, showed a two-log reduction; however, both bacteria, either singularly or in a mixture, survived and retained the potential to be spread ([Fig 1B](#pone.0226952.g001){ref-type="fig"}). The number of CFUs decreased dramatically over time for both bacteria on dry surfaces, but this trend was amplified by an increase in temperature ([Fig 1C](#pone.0226952.g001){ref-type="fig"}). Interestingly, the presence of *S*. *aureus* appeared to enhance the survival of *E*. *coli* in the bacterial mixture compared with *E*. *coli* alone ([Fig 1C](#pone.0226952.g001){ref-type="fig"}, See '†'). SEM observations revealed that the morphological changes in both bacteria, singularly or in a mixture, one day after drying was minimal, supporting the CFU assay results and indicating survival of both bacteria ([Fig 2](#pone.0226952.g002){ref-type="fig"}). ATP assessment revealed no significant differences for either bacteria with varying temperature ([S1 Fig](#pone.0226952.s001){ref-type="supplementary-material"}). Also, cardiolipin, an agent that aids the survival of *S*. *aureus* in dry environments \[[@pone.0226952.ref028], [@pone.0226952.ref029]\], did not support the survival of *E*. *coli* after drying, suggesting the presence of another mechanism independent of cardiolipin ([S2 Fig](#pone.0226952.s002){ref-type="supplementary-material"}). In addition, although the trend observed with altered temperature did not change, humidity control (40--60%) had the opposite effect on the survival of microorganisms on dry surfaces ([S3 Fig](#pone.0226952.s003){ref-type="supplementary-material"}). Specifically, while the humidity control weakened the thermal effect on the survival of *S*. *aureus* on dry environments, a synergistic effect of inhibition on the survival of *E*. *coli* was observed. Thus, our findings showed that these bacteria favor a lower temperature for their survival in dry environments, and humidity has a lesser effect.

![Representative human pathogenic bacteria favor lower temperatures for their survival on vinyl chloride surfaces.\
**A**. Experimental protocol. Bacterial survival was monitored for mixed or single bacteria on vinyl chloride at distinct temperatures \[RT (around 20°C), 30°C, 37°C\] for 11 days by a CFU assay (CFU), ATP assessment (ATP) and morphological changes (SEM). Ec, *E*. *coli* (ATCC 25922). Sa, *S*. *aureus* (ATCC 29213). **B**. Bacterial numbers immediately (within 20 min) after drying. Ec, *E*. *coli* (ATCC 25922). Sa, *S*. *aureus* (ATCC 29213). **C**. Changes in bacterial numbers at distinct temperatures \[RT (around 20°C), 30°C, 37°C\] over 11 days, as determined by a CFU assay. Ec, *E*. *coli* (ATCC 25922). Sa, *S*. *aureus* (ATCC 29213). \*, *p*\<0.05 vs. the values at room temperature. \*\*, *p*\<0.05 vs. 30°C. †, *p*\<0.05 between the bars.](pone.0226952.g001){#pone.0226952.g001}

![Representative SEM images showing bacterial morphologies on vinyl chloride surfaces.\
*E*. *coli* alone (A, D, G). *S*. *aureus* alone (B, E, H). Mixture of *E*. *coli* with *S*. *aureus* (C, F, I). Scale bars in panels, 1 μm (D, G), 2 μm (F, H, I) and 3 μm (A, B, C, E). RT, room temperature.](pone.0226952.g002){#pone.0226952.g002}

Differences in the surface material had no effect on bacterial survival (including multidrug-resistant bacteria) in dry environments over a range of temperatures {#sec012}
-----------------------------------------------------------------------------------------------------------------------------------------------------------------

Next, to confirm whether the effect of temperature on bacterial survival on dry surfaces is universal regardless of the material surface, we monitored changes in bacterial numbers \[*E*. *coli* (ATCC 25922), *S*. *aureus* (ATCC 29213), or a mixture\] on a range of common materials (vinyl chloride, aluminum, plastic, stainless steel) at distinct temperatures (15°C, 30°C, 37°C) for 11 days, by assessing the CFU numbers ([Fig 3A](#pone.0226952.g003){ref-type="fig"}). Immediately (approximately 1 h) after drying, no differences in bacterial numbers were detected between the different materials ([Fig 3B](#pone.0226952.g003){ref-type="fig"}). Although the CFU numbers of both bacteria dramatically reduced over subsequent days on the dry surfaces, this temperature-dependent trend was unaffected by the type of material surface ([Fig 3C](#pone.0226952.g003){ref-type="fig"}). Thus, the material itself (vinyl chloride, aluminum, plastic, stainless steel) had no effect on the diminishing bacterial numbers under dry conditions. We also assessed whether the same trend was seen for multidrug-resistant human pathogenic bacteria using ESBL- and NDM-producing *E*. *coli* isolated from Hokkaido University Hospital. The CFU assay confirmed increased survival of multidrug-resistant bacteria at lower temperature, as well as increased survival in the presence of *S*. *aureus* ([Fig 4](#pone.0226952.g004){ref-type="fig"}). Taken together, we conclude that bacteria favoring a lower temperature for their survival in dry environments is a universal phenomenon, which is unaffected by the surface material or bacterial type. Importantly, our data highlighted the potential for controlling the survival of bacteria on high-touch dry surfaces by warming dry fomites to human body core temperature.

![Representative human pathogenic bacteria favor lower temperatures for their survival on other surfaces (aluminum, plastic, stainless steel).\
**A**. Experimental protocol. Bacterial survival was monitored for mixed or single bacteria on other surfaces (aluminum, plastic, stainless steel) at distinct temperature (15°C, 30°C, 37°C) for 11 days by a CFU assay (CFU). Ec, *E*. *coli* (ATCC 25922). Sa, *S*. *aureus* (ATCC 29213). **B**. Bacterial numbers immediately (within 20 min) after drying. Ec, *E*. *coli* (ATCC 25922). Sa, *S*. *aureus* (ATCC 29213). **C**. Changes in bacterial numbers at distinct temperatures (15°C, 30°C, 37°C) over 11 days, as determined by a CFU assay. Ec, *E*. *coli* (ATCC 25922). Sa, *S*. *aureus* (ATCC 29213). \*, *p*\<0.05 vs. the values at room temperature. \*\*, *p*\<0.05 vs. 30°C.](pone.0226952.g003){#pone.0226952.g003}

![Representative multidrug-resistant bacteria also favor lower temperatures for their survival on plastic surfaces.\
**A**. Experimental protocol. Bacterial survival was monitored for mixed or single bacteria on plastic surfaces at distinct temperatures (15°C, 30°C, 37°C) for 11 days by a CFU assay (CFU). Ec (ESBL), ESBL-producing *E*. *coli*. Ec (NDM), NDM-producing *E*. *coli*. Sa, *S*. *aureus* (ATCC 29213). **B**. Bacterial numbers immediately (within 20 min) after drying. Ec (ESBL), ESBL-producing *E*. *coli*. Ec (NDM), NDM-producing *E*. *coli*. Sa, *S*. *aureus* (ATCC 29213). **C**. Changes in bacterial numbers at distinct temperatures (15°C, 30°C, 37°C) over 11 days, as determined by a CFU assay. Ec (ESBL), ESBL-producing *E*. *coli*. Ec (NDM), NDM-producing *E*. *coli*. Sa, *S*. *aureus* (ATCC 29213). \*, *p*\<0.05 vs. the values at room temperature. †, *p*\<0.05 between the bars.](pone.0226952.g004){#pone.0226952.g004}

Handrail device warmed to human body core temperature prohibited the prolonged survival of *E*. *coli* on this dry surface {#sec013}
--------------------------------------------------------------------------------------------------------------------------

To test this possibility, we constructed a stainless steel handrail pipe (diameter, 13 mm; thickness, 2 mm) equipped with a heater wire in the center of the pipe to control the dry surface to body core temperature ([S4A Fig](#pone.0226952.s004){ref-type="supplementary-material"}). Assessment with a hand-held infrared sensor showed that the surface temperature on the handrail pipe was controlled to almost body core temperature, although the temperature on the device surface varied from the end to the center of the pipe (range: 30°C--40°C) ([S4B Fig](#pone.0226952.s004){ref-type="supplementary-material"}). A heatmap generated with the high-resolution infrared sensor showed that in contrast to the stainless steel pipe without the heater, the surface temperature on the heated pipe was maintained at body core temperature ([Fig 5A](#pone.0226952.g005){ref-type="fig"}), indicating that it is an effective tool to monitor the influence of temperature on bacterial survival on a dry surface. We monitored the survival of GFP-expressing *E*. *coli* (DH5α) spotted onto the handrail surface at regular intervals (1 cm) compared with the GFP signals at equivalent spots on an LB agar plate, and assessed CFU numbers. GFP signals were dramatically decreased on the heated handrail compared with the unheated handrail even 6 h after drying, and the signals were virtually undetectable one day after drying ([Fig 5B](#pone.0226952.g005){ref-type="fig"}). Consistent with this, the CFU numbers on the heated handrail were significantly reduced compared with those on the unheated handrail ([Fig 5C](#pone.0226952.g005){ref-type="fig"}). In addition, we assessed whether the warming handrail could work on other bacteria. The results indicated that the prolonged survival of bacteria (*E*. *faecalis*, *S*. *aureus*, *P*. *aeruginosa*, *A*. *baumannii*, and *S*. *marcescens*) as well as *E*. *coli*, was significantly prohibited, although no effective elimination of the spore-forming bacterium (*B*. *subtilis*) was detected ([Fig 6](#pone.0226952.g006){ref-type="fig"}). We also confirmed that the yeast-like fungus (*C*. *albicans*) failed to survive immediately (within 6 h) after drying on the device ([S5 Fig](#pone.0226952.s005){ref-type="supplementary-material"}). Taken together, we concluded that the handrail device warmed to human body core temperature prohibited the prolonged survival of some bacteria and a yeast-like fungus responsible for nosocomial infections on a dry surface.

![Handrail device warmed to human body core temperature prohibited the prolonged survival of GFP-expressing *E*. *coli* on a stainless steel surface.\
**A**. Heatmaps of the handrail device with or without a heater. The heatmaps were constructed using a high-resolution infrared sensor (InfReC R300) installed with appropriate software (InfReC Analyzer NS9500). **B**. Representative images showing decreasing GFP-signals for the bacteria collected from the stainless steel surface warmed by the heater. Numbers show the sampling positions on the pipe. Heater (-), handrail device without heater. Heater (+), handrail device with heater. **C**. Comparison of the bacterial CFU numbers on the stainless steel device with and without the heater. Black and white bars show the CFU values for the device with and without the heater. \*, *p*\<0.05 between the bars.](pone.0226952.g005){#pone.0226952.g005}

![Handrail device warmed to human body core temperature prohibited the prolonged survival of other bacteria without spore formation on a stainless steel surface.\
The other bacteria (*E*. *faecalis*, *S*. *aureus*, *P*. *aeruginosa*, *A*. *baumannii*, *S*. *marcescens* and *B*. *subtilis*) were used for this study (see the [Materials and methods](#sec002){ref-type="sec"}). Images obtained at 24 h after drying correspond to representative bacterial images showing the effect of thermal control on survival of each of the bacteria on the handrail device. Numbers (1--10) indicate bacterial spots. Graphs (right) show a comparison of the bacterial CFU numbers on the stainless steel device with \[Heater(+)\] and without the heater \[Heater(-)\]. Black and white bars show the CFU values for the device with and without the heater. \*, *p*\<0.05 between the bars. NS, no significant difference.](pone.0226952.g006){#pone.0226952.g006}

Discussion {#sec014}
==========

Currently, in the US, an estimated 2 million hospital-acquired infections are reported annually, associated with \$5 billion of additional healthcare costs. The control of nosocomial infections is therefore a priority for healthcare providers worldwide \[[@pone.0226952.ref030]\]. Here, we showed, for the first time, that a lower temperature is favored for the survival of both *E*. *coli* and *S*. *aureus* on dry fomites. We also demonstrated that a handrail device warmed to human body core temperature could prohibit the prolonged survival of several pathogens responsible for nosocomial infection (*E*. *coli*, *S*. *aureus*, *E*. *faecalis*, *P*. *aeruginosa*, *A*. *baumannii* and *S*. *marcescens*) and a yeast-like fungus (*C*. *albicans*) on this dry surface. Innovations such as the development of heated fomites, for example, heated handrails or doorknobs, may prevent the survival of bacteria responsible for nosocomial infections on dry hospital environments, without the need for disinfectants.

It is well established that decreasing environmental temperature has a significant impact on the survival of pathogens in soil or water, sometimes leading to bacterial persistence \[[@pone.0226952.ref031]--[@pone.0226952.ref033]\], but whether temperature influences bacterial survival on artificial materials, such as dry fomites in hospitals, remained unknown. Other factors such as UV radiation, humidity, the presence of organic materials, and surface type are known to be associated with the ability of bacteria responsible for hospital-acquired infections to survive on dry surfaces \[[@pone.0226952.ref034]--[@pone.0226952.ref036]\]; however, temperature is a factor that can be easily and accurately controlled. Furthermore, a temperature of 37°C, which is the core body temperature, is a comfortable temperature that is not harmful to the touch \[[@pone.0226952.ref037]\]. For these reasons, we selected temperature as a critical factor to study its effects (in particular, body core temperature) on bacterial dynamics and survival on dry fomites.

The numbers of CFUs of both bacteria (*E*. *coli* and *S*. *aureus*), regardless of whether or not they carried multidrug-resistant genes, were dramatically reduced during the days after drying, and this decrease in bacterial numbers was significantly promoted by increased temperature. Because water evaporation from bacterial cells can be accelerated on dry fomites at high temperature, we speculate that it is difficult for bacteria to maintain metabolic activity under such conditions; thus, their viability decreases. We found that Gram-positive *S*. *aureus* could survive longer than Gram-negative *E*. *coli*, potentially indicating that cell wall thickness plays a role in prolonging the survival of *S*. *aureus* on dry fomites. At lower temperature, *E*. *coli* survived for a few days whereas *S*. *aureus* survived for over 10 days. Although the survival period for these bacteria is limited, particularly for *E*. *coli*, it is still sufficient time for these bacteria to transfer from person to person via high-touch surfaces.

Because of its ease of monitoring, ATP bioluminescence has been employed as a visual indicator of general organic contamination of high-touch surfaces in hospitals \[[@pone.0226952.ref038]--[@pone.0226952.ref042]\]. However, our assessment of ATP showed that, in contrast to the CFU assay, no significant differences in ATP were associated with changes in temperature. Evidence from our previous studies suggests that ATP may be physically stable at a range of temperatures \[[@pone.0226952.ref016], [@pone.0226952.ref017]\]. Furthermore, ATP derived not only from bacteria but also from other sources such as fungi or dead cells may accumulate on high-touch surfaces. Taken together, we concluded that ATP is an unreliable measure for monitoring pathogenic bacteria on high-touch surfaces in hospitals.

Interestingly, the presence of *S*. *aureus* in the bacterial mixture promoted the survival of *E*. *coli* compared with *E*. *coli* alone. By contrast, cardiolipin, which is an effective factor promoting *S*. *aureus* survival in dry environments \[[@pone.0226952.ref028], [@pone.0226952.ref029]\], had no effect on supporting the survival of *E*. *coli* after drying, suggesting the presence of another mechanism independent of cardiolipin. Although this mechanism remains unknown, coexistence with cocci, which have a smaller surface area than bacilli and therefore retain water more effectively, may aid the survival of bacilli on dry surfaces. High-touch dry surfaces are invariably contaminated with *S*. *aureus* because this organism is a ubiquitous inhabitant of the human body, and it is therefore crucial to understand its dynamics on dry surfaces. Cardiolipin is a membrane component that enhances stress tolerance, thereby maintaining bacterial viability \[[@pone.0226952.ref043]--[@pone.0226952.ref045]\], and several studies have shown that cardiolipin is involved in biofilm formation \[[@pone.0226952.ref046], [@pone.0226952.ref047]\]. We therefore assessed whether the presence of cardiolipin affected the survival of *E*. *coli* on dry surfaces, but no impact was detected indicating that other factors may be involved.

Although bacterial numbers dramatically reduced each day on dry surfaces, the degree of this reduction varied slightly between experiments and the degree to which *S*. *aureus* promoted the survival of *E*. *coli* also varied between experiments. This indicated that there may be factors other than temperature that regulate bacterial survival on dry fomites. Humidity, which can block water evaporation, has also been reported to have an impact on bacterial survival \[[@pone.0226952.ref034]--[@pone.0226952.ref036], [@pone.0226952.ref048], [@pone.0226952.ref049]\]. Our experiments showed that constant humidity (40%--60%) affected the survival of bacteria on dry surfaces. Whereas, after prolonged incubation without humidity control (less than 20% humidity) (See [Fig 1C](#pone.0226952.g001){ref-type="fig"}), variation in bacterial numbers appeared to be increased, suggesting that low humidity can favor the survival of small numbers of bacteria on dry materials. However, because of the difficulties in controlling humidity, we did not accurately adjust humidity in our experiments. Therefore, further studies are needed in which humidity, as well as temperature, are more precisely controlled.

As expected, we confirmed that the warming handrail adjusted to body core temperature prohibited the prolonged survival of several nosocomial-related pathogens including *E*. *coli*, *S*. *aureus*, *E*. *faecalis*, *P*. *aeruginosa*, *A*. *baumannii*, *S*. *marcescens* and *C*. *albicans*. The heated handrail device used in this study was constructed using an acrylic board processing equipment kit (see [Materials and methods](#sec002){ref-type="sec"}), which cost 5,680 yen (JPY) (approximately \$60). Because this device was cheap and simple to construct, involving a stainless steel handrail pipe (diameter, 13 mm; thickness, 2 mm) equipped with a heater wire in the center of the pipe to control the dry surface at body core temperature, we believe that this technology may be applicable for the development of heated handrails for use in hospitals to control hospital-acquired infections. One limitation of this device was that the temperature varied from the end to the center of the pipe (range: 30°C-40°C), meaning that the temperature on the device surface was not constant, as indicated by the differences in bacterial numbers spotted onto the agar plates from each of the samples collected from the handrail. Further improvements in the design of this device are therefore needed prior to practical use.

In conclusion, we demonstrated that human pathogens (*E*. *coli*, *S*. *aureus*, *E*. *faecalis*, *P*. *aeruginosa*, *A*. *baumannii*, *S*. *marcescens* and *C*. *albicans*), responsible for nosocomial infections. favor a lower temperature for their survival in dry environments. Based on this finding, we proposed a novel and simple strategy involving the warming of high-touch fomites in hospitals to body core temperature, to control the survival of human pathogenic bacteria responsible for nosocomial infections. However, this study had several limitations. As mentioned above, humidity, which can also influence bacterial survival, was not accurately controlled throughout our experiments \[[@pone.0226952.ref034]--[@pone.0226952.ref036], [@pone.0226952.ref048], [@pone.0226952.ref049]\], and also the range of human pathogens used for this study were limited. Further studies are needed to clarify the effect of humidity on bacterial survival under dry conditions and to confirm the reproducibility of our findings in other bacteria. Further innovations are also needed to develop handrails or doorknobs with a uniform surface temperature equivalent to that of the core human body temperature before practical application in hospital environments.

Supporting information {#sec015}
======================

###### ATP assessment of the bacterial spots on the vinyl chloride material showed that there were no significant differences corresponding to incubation times or temperature.

The amount of ATP was determined using a Clean-Trace Luminometer (3M, USA), and the values were expressed as relative light units (RLUs), according to a previously described protocol \[[@pone.0226952.ref017]\]. Ec, *E*. *coli* ATCC 25922. Sa, *S*. *aureus* ATCC 29213. RT, room temperature.

(PDF)

###### 

Click here for additional data file.

###### Cardiolipin had no effect on *E*. *coli* survival after drying.

Black and dashed bars show the CFU numbers of *E*. *coli* and *S*. *aureus*, respectively. **A**. Bacterial numbers immediately (within 20 min) after drying. Ec, *E*. *coli* (ATCC 25922). Sa, *S*. *aureus* (ATCC 29213). **B**. Changes in bacterial numbers at distinct temperatures (15°C, 30°C, 37°C) over 11 days incubation, as analyzed by a CFU assay. Ec, *E*. *coli* (ATCC 25922). Multiple comparisons of the data were assessed by Bonferroni/Dunn analysis. Asterisk indicates a statistically significant difference compared with the value at 15°C. \*, *p*\<0.05. There was no statistically significant difference between the values at 30°C, regardless of the presence of cardiolipin. †, *p*\<0.05. Ec, *E*. *coli* ATCC 25922. Sa, *S*. *aureus* ATCC 29213.

(PDF)

###### 

Click here for additional data file.

###### Effect of humidity on the survival of bacteria (*E*. *coli* and *S*. *aureus*) on dry environments (plastic).

Changes in bacterial numbers at distinct temperatures (15°C, 30°C, 37°C) with or without humidity control over 7 days, as determined by a CFU assay. **Upper panel**. Ec, *E*. *coli* (ATCC 25922). **Lower panel**. Sa, *S*. *aureus* (ATCC 29213). \*, *p*\<0.05 vs. the values without humidity control. See the [Materials and methods](#sec002){ref-type="sec"}.

(PDF)

###### 

Click here for additional data file.

###### Surface temperature on the handrail pipe with or without the heater.

**A**. Structure of the handrail pipe with the heater. The stainless steel handrail pipe (diameter, 13 mm; thickness, 2 mm) was equipped with a heater wire at the center of the pipe to control the dry surface at body core temperature. **B**. Comparison of the surface temperature of the handrails with and without heaters. Temperatures were monitored by a hand-held infrared sensor (CT-2000D). Each of the values is shown as an average with the standard deviation. Black and white circles are shown as the values with and without heaters, respectively.

(PDF)

###### 

Click here for additional data file.

###### Handrail device warmed to human body core temperature prohibited the prolonged survival of yeast-like fungus (*C*. *albicans*).

Images show the effect of thermal control on the survival of *C*. *albicans* on the handrail device 6 and 24 h after drying with \[Heater (+)\] or without thermal control \[Heater (˗)\]. Numbers (no. 1--10) show the yeast-like fungus spots on the PDA agar.

(PDF)

###### 

Click here for additional data file.
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Effect of Thermal Control of Dry Fomites on Regulating the Survival of Human Pathogenic Bacteria Responsible for Nosocomial Infections

PLOS ONE

Dear Dr. Yamaguchi,

Thank you for submitting your manuscript to PLOS ONE. After careful consideration, we feel that it has merit but does not fully meet PLOS ONE's publication criteria as it currently stands. Therefore, we invite you to submit a revised version of the manuscript that addresses the points raised during the review process.

==============================

Although the manuscript makes important observations regarding survival of bacterial pathogens on a variety of surfaces at different temperatures, there are concerns about the limited scope of the pathogens studied, and over interpretation of the findings as indicated in the comments from Reviewer 1. Thus, if you choose to resubmit a revised manuscript this should include analysis of additional pathogens as suggested by Reviewer 1. 

In Figure 1, Day 11, bacteria are surviving at 37 degrees C, but not at 30 degress C. Please provide a potential explanation for this why this difference is occurring since the data from the other reported experiments suggest less survival at 37 degrees C.

It is assumed that the temperature of 37 degrees C was chosen to heat fomites to because this would be a temperature that would be comfortable to human touch. The temperature of skin on the hand is approximately 30 degrees C, 37 degrees C is human body core temperature. The question arises as to what is the subjective sensation to touch of an object at 37 degrees C. Please cite and include information from touch temperature studies which measure the subjective and objective effects of temperature on human skin.

Humidity may be a factor in bacterial survival on fomites as acknowledged in the manuscript.  Although this variable may be difficult to control in carrying out some of the experiments, the ambient humidity should be easily measured when carrying out the experiments involving bacterial survival on the simulated, heated handrail. This needs to be recorded at the time of these experiments and reported in the manuscript.

The esthetic appearance of the graphs needs to be improved, particularly be modifying to provide a more streamlined numerical representation of y axis intervals.  

==============================

We would appreciate receiving your revised manuscript by November 15, 2019. When you are ready to submit your revision, log on to <https://www.editorialmanager.com/pone/> and select the \'Submissions Needing Revision\' folder to locate your manuscript file.

If you would like to make changes to your financial disclosure, please include your updated statement in your cover letter.

To enhance the reproducibility of your results, we recommend that if applicable you deposit your laboratory protocols in protocols.io, where a protocol can be assigned its own identifier (DOI) such that it can be cited independently in the future. For instructions see: <http://journals.plos.org/plosone/s/submission-guidelines#loc-laboratory-protocols>

Please include the following items when submitting your revised manuscript:

A rebuttal letter that responds to each point raised by the academic editor and reviewer(s). This letter should be uploaded as separate file and labeled \'Response to Reviewers\'.A marked-up copy of your manuscript that highlights changes made to the original version. This file should be uploaded as separate file and labeled \'Revised Manuscript with Track Changes\'.An unmarked version of your revised paper without tracked changes. This file should be uploaded as separate file and labeled \'Manuscript\'.

Please note while forming your response, if your article is accepted, you may have the opportunity to make the peer review history publicly available. The record will include editor decision letters (with reviews) and your responses to reviewer comments. If eligible, we will contact you to opt in or out.

We look forward to receiving your revised manuscript.

Kind regards,

Thomas Byrd

Academic Editor

PLOS ONE

**Journal Requirements:**

1\. When submitting your revision, we need you to address these additional requirements.

Please ensure that your manuscript meets PLOS ONE\'s style requirements, including those for file naming. The PLOS ONE style templates can be found at

<http://www.journals.plos.org/plosone/s/file?id=wjVg/PLOSOne_formatting_sample_main_body.pdf> and <http://www.journals.plos.org/plosone/s/file?id=ba62/PLOSOne_formatting_sample_title_authors_affiliations.pdf>

2\. Our editorial staff has assessed your submission, and we have concerns about the grammar, usage, and overall readability of the manuscript.  We therefore request that you revise the text to fix the grammatical errors and improve the overall readability of the text before we send it for review. We suggest you have a fluent, preferably native, English-language speaker thoroughly copyedit your manuscript for language usage, spelling, and grammar.

If you do not know anyone who can do this, you may wish to consider employing a professional scientific editing service.  

Whilst you may use any professional scientific editing service of your choice, PLOS has partnered with both American Journal Experts (AJE) and Editage to provide discounted services to PLOS authors. Both organizations have experience helping authors meet PLOS guidelines and can provide language editing, translation, manuscript formatting, and figure formatting to ensure your manuscript meets our submission guidelines. To take advantage of our partnership with AJE, visit the AJE website (<http://learn.aje.com/plos/>) and enter referral code PLOS15 for a 15% discount off AJE services. To take advantage of our partnership with Editage, visit the Editage website ([www.editage.com](http://www.editage.com)) and enter referral code PLOSEDIT for a 15% discount off Editage services. If the PLOS editorial team finds any language issues in text that either AJE or Editage has edited, the service provider will re-edit the text for free.

Upon resubmission, please provide the following:

    •    The name of the colleague or the details of the professional service that edited your manuscript

    •    A copy of your manuscript showing your changes by either highlighting them or using track changes (uploaded as a \*supporting information\* file)

    •    A clean copy of the edited manuscript (uploaded as the new \*manuscript\* file)

Please note that PLOS ONE does not copyedit accepted manuscripts and that one of our criteria for publication is that articles must be presented in an intelligible fashion and written in clear, correct, and unambiguous English (<http://www.plosone.org/static/publication#language>). If the language is not sufficiently improved, we may have no choice but to reject the manuscript without review.

**Comments to the Author**

1\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.

Reviewer \#1: Partly

\*\*\*\*\*\*\*\*\*\*

2\. Has the statistical analysis been performed appropriately and rigorously?

Reviewer \#1: I Don\'t Know

\*\*\*\*\*\*\*\*\*\*

3\. Have the authors made all data underlying the findings in their manuscript fully available?

The [PLOS Data policy](http://www.plosone.org/static/policies.action#sharing) requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.

Reviewer \#1: Yes

\*\*\*\*\*\*\*\*\*\*

4\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#1: Yes

\*\*\*\*\*\*\*\*\*\*

5\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#1: This manuscript addresses the effect of different temperatures on the survival on dry materials of 2 species of bacteria associated with nosocomial infections.

However, some issues should be considered:

Lines 56-58 and 91-93: Even though E. coli and S. aureus are the most frequent nosocomial infection isolates, they do not represent the majority of cases. As such, microorganismos such as Enterococcus spp, P. aeruginosa, A. baumannii, Klebsiella spp, coag neg Staphilococci, Candida spp and C. difficile could be included in order to have representativeness of other Gram positive cocci, Enterobacteriaceae, non-Enterobacteriaceae Gram negative bacilli, yeasts and anaerobes. Therefore, claiming that the \"thermal control of dry fomites has the potential to control bacterial survival on high-touch surfaces in hospitals, therefore reducing the spread of nosocomial infections\" may sound abusive.

Line 99: Please consider materials and methods before results.

Lines 123-124: Results of the study demonstrate that some strains of S aureus and E coli favor a lower temperature for surviving on dry surfaces\... please consider that the spread of nosocomial infection was not addressed.

Lines 253-255: Again, the generalisation that \"warming of fomites in hospitals to skin temperature, to control the survival of human pathogenic bacteria responsible for nosocomial infections\" sounds excessive.

\*\*\*\*\*\*\*\*\*\*

6\. PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosone/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#1: No

\[NOTE: If reviewer comments were submitted as an attachment file, they will be attached to this email and accessible via the submission site. Please log into your account, locate the manuscript record, and check for the action link \"View Attachments\". If this link does not appear, there are no attachment files to be viewed.\]

While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine (PACE) digital diagnostic tool, <https://pacev2.apexcovantage.com/>. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Registration is free. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email us at <figures@plos.org>. Please note that Supporting Information files do not need this step.
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PONE-D-19-18407 entitled: Effect of Thermal Control of Dry Fomites on Regulating the Survival of Human Pathogenic Bacteria Responsible for Nosocomial Infections

REPLIES TO ACADEMIC EDITOR'S COMMENTS

Comment 1:

"Although the manuscript makes important observations regarding survival of bacterial pathogens on a variety of surfaces at different temperatures, there are concerns about the limited scope of the pathogens studied, and over interpretation of the findings as indicated in the comments from Reviewer 1. Thus, if you choose to resubmit a revised manuscript this should include analysis of additional pathogens as suggested by Reviewer 1."

As mentioned in the response to the reviewer 1 (See below), and as advised by the editor's comment, we performed additional experiments with several bacteria (E. faecalis, S. aureus, P. aeruginosa, A. baumannii, S. marcescens and B. subtilis) and a yeast-like fungus (C. albicans). Specifically, the survival of these human pathogens on handrail device was monitored. As a result, the prolonged survival of bacteria (E. faecalis, S. aureus, P. aeruginosa, A. baumannii, and S. marcescens) as well as E. coli, were significantly inhibited, although no effective elimination against spore-forming bacteria (B. subtilis) was seen (Fig 6). In addition, yeast-like fungus, C. albicans, failed to survive immediately after it was added on the device (S5 Fig). We have reflected these results in the revised manuscript with a figure (Fig. 6) and supporting information (S5 Fig).

Comment 2:

"In Figure 1, Day 11, bacteria are surviving at 37 degrees C, but not at 30 degrees C. Please provide a potential explanation for this why this difference is occurring since the data from the other reported experiments suggest less survival at 37 degrees C."

In the original work, incubator humidity was not controlled. In the revision, we measured the humidity in the humidity-uncontrolled incubator used for this study. As a result, the humidity of the incubator was found to be less than 20%. As pointed out by the reviewer, when left for a long time (See Fig. 1C), the variation of remaining the bacterial numbers appeared to be slightly increased or decreased irrespective of temperature. We therefore speculate that humidity can influence the presence of small amounts of bacteria on dry materials, specifically implying that low humidity can favor the survival of small numbers of bacteria on dry materials. We have explained it in the revised manuscript.

Comment 3:

"It is assumed that the temperature of 37 degrees C was chosen to heat fomites to because this would be a temperature that would be comfortable to human touch. The temperature of skin on the hand is approximately 30 degrees C, 37 degrees C is human body core temperature. The question arises as to what is the subjective sensation to touch of an object at 37 degrees C. Please cite and include information from touch temperature studies which measure the subjective and objective effects of temperature on human skin."

As reported previously \[37\], the temperature of 37°C, which is the human body core temperature, can be felt comfortably regardless of the surrounding temperature when a human touches an object with hands. We believe that this temperature will be the optimum temperature when warming an object touched by a human. We have explained it and have cited the reference in the revised manuscript. Also, according to the comment, we have changed the description of "skin temperature" to "body core temperature" in the revised manuscript.

Comment 4:

"Humidity may be a factor in bacterial survival on fomites as acknowledged in the manuscript. Although this variable may be difficult to control in carrying out some of the experiments, the ambient humidity should be easily measured when carrying out the experiments involving bacterial survival on the simulated, heated handrail. This needs to be recorded at the time of these experiments and reported in the manuscript."

According to the comment, we have assessed if humidity is also a factor in bacterial survival on dry fomites in addition to the temperature. Specifically, the experiments with S. aureus ATCC 29213 and E. coli ATCC 25922 were adjusted to humidity of 40-60% in the incubator by placing a 100-ml beaker filled with water. The humidity of the incubator without the beaker was less than 20%. Humidity was measured with a general hygrometer. Although the trend observed with altered temperature did not change, humidity affected their survival on dry surface in the opposite way. Specifically, humidity control (40-60%) weakened the thermal effect on the survival of S. aureus on the dry environment, whereas it had an inhibitory synergistic effect on the survival of E. coli. We have reflected these results in the revised manuscript with a supplementary figure (S3 Fig).

Comment 5:

"The esthetic appearance of the graphs needs to be improved, particularly be modifying to provide a more streamlined numerical representation of y axis intervals."

According to the suggestion, we have improved and simplified the y-axis intervals of all figures in the revised manuscript.

 

JOURNAL REQUIRMENTS

Comment 1:

"Please ensure that your manuscript meets PLOS ONE\'s style requirements, including those for file naming. The PLOS ONE style templates can be found at <http://www.journals.plos.org/plosone/s/file?id=wjVg/PLOSOne_formatting_sample_main_body.pdf> and <http://www.journals.plos.org/plosone/s/file?id=ba62/PLOSOne_> formatting_sample_title_authors_affiliations.pdf"

According to the PLoS ONE guidelines, we have carefully revised our manuscript, including Heading levels, Figure Citations, Figure Captions, Reference Citations, Supporting Information Citations, Acknowledgments, References, and Supporting Information Captions.

Comment 2:

"Our editorial staff has assessed your submission, and we have concerns about the grammar, usage, and overall readability of the manuscript. We therefore request that you revise the text to fix the grammatical errors and improve the overall readability of the text before we send it for review. We suggest you have a fluent, preferably native, English-language speaker thoroughly copyedit your manuscript for language usage, spelling, and grammar."

According to the suggestion, the revised manuscript has been copyedited by an English-proofreading company, Edanz (<https://jp.edanzgroup.com>).

 

REPLIES FOR REVIEWER'S COMMENTS

Comment 1:

"This manuscript addresses the effect of different temperatures on the survival on dry materials of 2 species of bacteria associated with nosocomial infections."

According to the comment, we performed additional experiments with several bacteria (E. faecalis, S. aureus, P. aeruginosa, A. baumannii, S. marcescens and B. subtilis) and a yeast-like fungus (C. albicans). Specifically, the survival of these human pathogens on the handrail device was monitored. As a result, the prolonged survival of bacteria (E. faecalis, S. aureus, P. aeruginosa, A. baumannii, and S. marcescens) as well as E. coli, were significantly inhibited, although no effective inhibition of spore-forming bacterium (B. subtilis) was observed (Fig 6). In addition, yeast-like fungus, C. albicans, failed to survive immediately after it was added on the device (S5 Fig). We have reflected these results in the revised manuscript with a figure (Fig. 6) and supporting information (S5 Fig).

Comment 2:

"Lines 56-58 and 91-93: Even though E. coli and S. aureus are the most frequent nosocomial infection isolates, they do not represent the majority of cases. As such, microorganismos such as Enterococcus spp, P. aeruginosa, A. baumannii, Klebsiella spp, coag neg Staphilococci, Candida spp and C. difficile could be included in order to have representativeness of other Gram positive cocci, Enterobacteriaceae, non-Enterobacteriaceae Gram negative bacilli, yeasts and anaerobes. Therefore, claiming that the \"thermal control of dry fomites has the potential to control bacterial survival on high-touch surfaces in hospitals, therefore reducing the spread of nosocomial infections\" may sound abusive."

As mentioned above, we have assessed if the human body core temperature can affect the survival of other bacteria (E. faecalis, S. aureus, P. aeruginosa, A. baumannii, S. marcescens and B. subtilis) and fungus (C. albicans) on dry fomites. As a result, the prolonged survival of the studied human pathogens on dry fomites were inhibited, except spore-forming bacterium, B. subtilis. Meanwhile, as pointed out by the reviewer, the number of tested human pathogens are still limited. As advised by the reviewer, we have toned down the description of the relationship of thermal controlling with the prevention of nosocomial infection throughout the revised manuscript. In particular, the descriptions related to thermal controlling with the spreading of nosocomial infections were completely deleted in the revised manuscript.

Comment 3:

"Line 99: Please consider materials and methods before results."

According to the suggestion, we have placed the methods section above the results in the revised manuscript. The citation reference number was also revised accordingly.

Comment 4:

"Lines 123-124: Results of the study demonstrate that some strains of S aureus and E coli favor a lower temperature for surviving on dry surfaces\... please consider that the spread of nosocomial infection was not addressed."

According to the suggestion, we have properly revised the sentence.

Thus, our findings showed that these bacteria favor a lower temperature for their survival in dry environments. Specifically, we omitted the description related to " the spread of pathogens".

Comment 5:

"Lines 253-255: Again, the generalisation that \"warming of fomites in hospitals to skin temperature, to control the survival of human pathogenic bacteria responsible for nosocomial infections\" sounds excessive."

According to the suggestion, we have toned down the description. Specifically, we omitted that phrase and modified the sentences in the conclusion of the revised manuscript as follows:

In conclusion, we demonstrated that human pathogens (E. coli, S. aureus, E. faecalis, P. aeruginosa, A. baumannii, S. marcescens and C. albicans) responsible for nosocomial infections favor a lower temperature for their survival in dry environments. Based on this finding, we proposed a novel and simple strategy involving the warming of high-touch fomites in hospitals to body core temperature, to control the survival of human pathogenic bacteria responsible for nosocomial infections. However, this study had several limitations. As mentioned above, humidity, which can also influence bacterial survival, was not accurately controlled throughout our experiments \[34-36, 48, 49\], and also the range of human pathogens used for this study were limited. Further studies are needed to clarify the effect of humidity on bacterial survival under dry conditions and to confirm the reproducibility of our findings in other bacteria. Further innovations are also needed to develop handrails or doorknobs with a uniform surface temperature equivalent to that of the core human body temperature before practical application in hospital environments.
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Dear Dr. Yamaguchi,

We are pleased to inform you that your manuscript has been judged scientifically suitable for publication and will be formally accepted for publication once it complies with all outstanding technical requirements.

Within one week, you will receive an e-mail containing information on the amendments required prior to publication. When all required modifications have been addressed, you will receive a formal acceptance letter and your manuscript will proceed to our production department and be scheduled for publication.

Shortly after the formal acceptance letter is sent, an invoice for payment will follow. To ensure an efficient production and billing process, please log into Editorial Manager at <https://www.editorialmanager.com/pone/>, click the \"Update My Information\" link at the top of the page, and update your user information. If you have any billing related questions, please contact our Author Billing department directly at <authorbilling@plos.org>.

If your institution or institutions have a press office, please notify them about your upcoming paper to enable them to help maximize its impact. If they will be preparing press materials for this manuscript, you must inform our press team as soon as possible and no later than 48 hours after receiving the formal acceptance. Your manuscript will remain under strict press embargo until 2 pm Eastern Time on the date of publication. For more information, please contact <onepress@plos.org>.

With kind regards,

Thomas Byrd

Academic Editor

PLOS ONE

Additional Editor Comments (optional):

Line 52 -- "Although the trends remained changed, adjusting...". It seems as though the intention is for this to read that trends remained unchanged.  Please revise if this is correct before final version is submitted.

Reviewers\' comments:
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Effect of thermal control of dry fomites on regulating the survival of human pathogenic bacteria responsible for nosocomial infections

Dear Dr. Yamaguchi:

I am pleased to inform you that your manuscript has been deemed suitable for publication in PLOS ONE. Congratulations! Your manuscript is now with our production department.

If your institution or institutions have a press office, please notify them about your upcoming paper at this point, to enable them to help maximize its impact. If they will be preparing press materials for this manuscript, please inform our press team within the next 48 hours. Your manuscript will remain under strict press embargo until 2 pm Eastern Time on the date of publication. For more information please contact <onepress@plos.org>.

For any other questions or concerns, please email <plosone@plos.org>.

Thank you for submitting your work to PLOS ONE.

With kind regards,

PLOS ONE Editorial Office Staff

on behalf of

Dr. Thomas Byrd

Academic Editor

PLOS ONE
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